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Abstract 
This paper describes the behaviour of very high strength (VHS) circular steel tubes 
strengthened by carbon fibre reinforced polymer (CFRP) and subjected to axial 
tension. A series of tests were conducted with different bond lengths and number of 
layers. The distribution of strain through the thickness of CFRP layers and along 
CFRP bond length was studied. The strain was found to generally decrease along the 
CFRP bond length far from the joint. The strain through the thickness of the CFRP 
layers was also found to decrease from bottom to top layer. The effective bond length 
for high modulus CFRP was established. Finally empirical models were developed to 
estimate the maximum load for a given CFRP arrangement. 
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1. Introduction 
A composite material is one that attains its physical and mechanical characteristic 
through the integration of other materials. Generally, a composite material combines 
the most desirable characteristic of its constituents to create a superior material. A 
well-known example of a composite material is CFRP (Carbon fibre reinforced 
polymer). This advanced composite material provides greater strength at lighter 
weights than traditional construction materials thus offering distinct advantages in 
many engineering applications. The application of advanced composite materials to 
concrete structures through the use of adhesives has been explored as a rehabilitation 
option for over two decades. 
CFRP’s high strength-to-weight ratio has played a significant role in creating interest 
in strengthening, repair and rehabilitation of steel structures [1-8]. In addition, their 
non-reactive and corrosion resistant properties mean that the materials can be used in 
areas where deterioration from environmental conditions pose a problem for 
traditional materials [7, 9]. However, there are many issues that remain unresolved 
which need to be addressed before CFRP bonding to steel structures can be deployed 
in the field. 
In this research, tests were conducted for steel tubes strengthened with CFRP. High 
modulus MBrace CF530 (640 GPa) and high strength epoxies were used in the 
strengthening process of VHS steel tubes. Several specimens with 5 layers of CFRP 
were tested in axial tension. Two types of empirical models are developed to estimate 
the maximum load for multilayer high modulus CFRP bonded to circular steel tubes. 
One is based on the effective bond length and lap shear strength while the other is 
based on the measured strain distribution across the CFRP layers. The predicted 
ultimate load was found to be very close to that experimentally obtained. A 
comparison is made in regards to the effective bond length between the use of normal 
[10] and high CFRP modulus. 
2. Material properties 
2.1 CFRP Material 
In the present research, MBrace CF530 was used. It is a unidirectional tow sheet 
carbon fibre. Their specified  properties are listed in Table 1. It is a high modulus CF 
compared to the CF MBrace family. The main characteristics of carbon fibres are 
their strength and Young’s modulus. Generally, there is a play-off between strength 
and modulus; the higher the strength the lower the modulus and vice-versa. Using 
data provided by the manufacturer, a comparison of stress-strain relationship of 
CF530 high modulus and CF130 normal modulus is shown in Figure 1.  
 
2.2 Adhesive 
It is desirable to use two part epoxy whenever possible because most will cure within 
16-24 hours under ambient conditions. However, the trade-off of this relatively simple 
curing cycle is a limited pot life (working time) of the adhesive, which can range 
anywhere from 90 seconds to 45 minutes. The single component adhesives offer a 
much longer pot life yet they often require elevated temperatures to ensure cross-
linking of the polymers and, hence, a fully cured adhesive. Under laboratory 
conditions, it is relatively easy to perform a high-temperature cure; however, this task 
can be difficult to implement in the field. 
Considering these facts, two part epoxy adhesive was studied in this investigation. 
The Araldite 420 was selected because of its very high peel strength, good moisture 
resistance and good bond with metal. According to manufacturer, the lap shear 
strength of the epoxy after complete cure cycle was 37 MPa. 
 2.3 VHS Steel Tube 
The VHS steel tubes had a yield stress of 1350 MPa, an ultimate stress of 1500 MPa 
and the modulus of elasticity is about 200 GPa. 
 
3. Specimen preparation, Instrumentation and test results 
3.1 Surface preparation 
Surface preparation of the metal substrate is very important if a good bond is to be 
achieved between the metal and the CFRP. The strength of the adhesive bond is 
directly proportional to the quality of the surfaces to which it is mated. ASTM offers 
guides for the surface preparation of metals for adhesive bonding. While there are 
many methods offered within these guides, they are mostly intended for small-scale 
laboratory applications. It is necessary to keep in mind that whichever surface 
preparation is selected, it must be easily implemented in the field on existing 
structures as well as be environmentally friendly. First and foremost, all surfaces must 
be clean and free of impurities. Lightly abraded surfaces give a better key to 
adhesives than do highly polished surfaces. Surface preparation involved the 
following: 
(a) Abrading: surface grinder or sandblasters were used to remove all rust, paint, and 
primer from the tube surface along the bond length and cross sectional surfaces where 
the two tubes were joined together, and 
(b) Cleaning: The cross sectional surfaces and the top surfaces of the tubes were 
cleaned with Acetone. 
 
3.2 Specimen preparation 
The steps followed to prepare specimen for successful bonding are: 
1. Resin and hardener must be correctly proportioned and thoroughly mixed together. 
2. Curing temperature and curing time must be correct. 
3. Bond surfaces must be degreased or abraded and cleaned according to the steps     
mentioned. 
4. Add two tubes together by applying adhesive at the cross sectional surface of the    
    tube. 
5. Cure for one day and post-cure 24 hours at a controlled temperature of about 700C.  
6. Apply adhesive uniformly to the CFRP sheet and on the steel tube surfaces up to     
the bond length. 
7. Wrap first layer of CFRP sheet in the direction along the length of the fabric. 
8. The excess epoxy and air were removed using a ribbed roller moving in the   
direction of the fibre. Only light pressure was needed. 
9. Five Layers of CFRP were wrapped following the same procedure. 
10. The finished specimen was cured for 1-2 weeks and post-cured for about 24 hours 
at about 70oC.  
 
3.3 Instrumentation 
Several foil strain gauges were attached to each test specimen. Figure 2 shows the 
location of each gauge. Strain gauges were placed at the short side of the bonded 
CFRP to capture the longitudinal strain development along the CFRP and the tube. 
One strain gauge (G1) was placed inside the tube at a position 20 mm from the joint. 
Three others (G2, G3, G5) are positioned to catch the behaviour of 1st,3rd and top layer 
of CFRP at the same distance of the joint [see Figure 2]. The 4th Strain gauge (G4) 
was fixed at the top layer at the joint of the two tubes. All other strain gauges at the 
top layer were fixed along the tube at a distance of 12 mm one from each other. The 
number of gauges used in each sample, thus, depended on the bond length of the 
specimen considered.  
A displacement transducer was instrumented to record the relative slip between CFRP 
and steel tube. A string pot was placed to measure the gross vertical movement of the 
tube. Crack propagation in CFRP was recorded by a high speed video recorder. 
 
3.4 Test setup and results 
3.4.1 Test setup  
Each specimen was loaded in a Baldwin Universal Testing Machine as shown in 
Figure 3. A displacement control regime was used at a constant displacement rate of 2 
mm /min. The test was continued until failure of the specimen.  
 
3.4.2 Test results 
The test results, which included the maximum load, bond stress and the failure mode 
of the specimen, are presented in Table 2. The test results showed that all of the 
specimens exhibited fibre break failure mode (Figure 4). Only one specimen, M2, 
exhibited combined fibre break and adhesive failure. It is believed that when part of 
the adhesive failed, probably for improper wrapping, the CFRP could not hold the rest 
of the load and failed by fibre break at a lower load.  
4. Effective bond length 
4.1     Empirical model based on effective bond length 
The ultimate load carrying capacity values are plotted in Figures 5 and 6 against the 
bond length (l1) for normal and high modulus CFRP. The normal modulus data are 
taken from reference [10]. It can be seen that the load carrying capacity reaches a 
plateau after the bond length exceeds a certain value. This length, beyond which no 
significant increase in load carrying capacity occurs, is called the effective bond 
length le. This length can be determined empirically from the experimental data. The 
empirical effective bond lengths for high and normal modulus CFRP are about 50 mm 
and 70 mm, respectively.   
 
The average lap shear stress ( ) is defined as: 
 
1Dl
Pult
                                                                 (1) 
Pult is the ultimate load obtained from tests, D is the outside diameter of the tube and 
l1 is the bond length. 
The expression for   can be derived from regression analysis as: 
      2.212.0 1  l                                                                 (2) 
Therefore, the empirical model for load carrying capacity of the joint can be written 
as: 
  1, lDP empiricalCFRP    for l1  le                                   (3a) 
eeempiricalCFRP lDP  ,   for l1 > le                                   (3b) 
where e  is the value of   when l1= le in Equation 2. The effective lap shear stress is 
11.2 MPa for high modulus CFRP when the effective bond length is 50mm. The 
empirical model defined in Equation 3 is plotted in Figure 6. Reasonable agreement 
with test results is obtained. 
 
4.2 Comparison between normal modulus and high modulus CFRP bonding 
Table 3 shows the comparison of normal[10] and high modulus CFRP strengthening 
results. The load carrying capacity of joints with normal modulus CFRP is larger than 
that with high modulus CFRP. This is due to the fact that the normal modulus CFRP 
has a higher tensile strength. Specimens with normal modulus CFRP exhibited bond 
failure, whereas those with high modulus CFRP exhibited fibre rupture. This is due to 
the fact that high modulus CFRP requires relatively smaller adhesive shear 
deformations to transfer the same amount of tension.  This means that adhesive bond 
rupture is less likely.  This highlights the advantage of using high modulus CFRP in 
strengthening steel members. 
5. Strain variation across CFRP layers 
To determine the distribution of strain across the layers, strain gauges were placed on 
the 1st (layer closest to steel surface), 3rd and 5th layers of CFRP at the same distance 
from the joint as illustrated in Figure 2. The strain readings at different load levels are 
shown in Figure 7 as it can be seen gauges G1 and G3 show almost identical strain 
response up until the initiation of failure. Gauge G2 placed on the first layer of CFRP 
was malfunctioning that’s why is not included in this figure. Gauge G1 (fixed at the 
inside of the tube), showed rapid strain decrease during failure, an indication of first 
layer CFRP rupture or slip in the region near the joint. Load rapidly transferred to the 
CFRP layers above the 1st one, as evidenced by the rapid increase in strain in gauges 
G3 and G5.  
Figure 8a shows the definition of slip between steel tube and CFRP. The relative slip 
between the steel tube and the CFRP outer layer is plotted in Figure 8b.  Excessive 
slip is evident near the ultimate load carrying capacity of the specimen. 
Figure 9 shows the distribution of strain across layers under different load ratios. The 
load ratio is defined as ratio of applied load to the maximum load achieved in the test. 
The purpose of these plots is to show the trend of strain variation across the layers as  
the load progressively increases.  The plots clearly indicate that strain values decrease 
from bottom to top. In order to derive an expression of strain in terms of layer 
number, non-dimensional strains are plotted against the layer numbers in Figure 10. A 
regression line can be plotted and expressed by the following equation:  
ii
1                           (4) 
where i represents the layer no (i=1,2,3,4,5), εi is the strain in the ith layer. 
6. Distribution of stress at the ultimate state 
The strain at the ultimate state can be expressed as: 
i
u,1
u,i
                                                                                      (5) 
where i,u is the ultimate strain in the ith layer, 1,u is the ultimate strain in the first 
(bottom) layer. The corresponding stress in the ith layer is: 
i
EE u,1u,iu,i
                                                                           (6) 
7. Load carrying capacity based on strain readings 
The load carried by each CFRP layer can be calculated as the product of the area of 
that layer (Ai) and the ultimate stress in that layer (i,u). The total predicted load 
carrying capacity (Pp) can be written as: 
 
  iEAAP uiuiip ,1,
                                                                    (7) 
The value of 1,u is taken as the maximum strain (2113 microstrain) obtained in tensile 
tests of CFRP with epoxy and the Young’s modulus is taken equal to 457,900 MPa 
[11] .  Table 4 shows calculation of area and load for all specimens. Table 5 shows 
calculation of strain, stress and load using average area of each layer for all specimen. 
Table 6 shows the comparison of ultimate and predicted load carrying capacity with a 
mean ratio of 1.003 and a COV of  0.098. 
 
8. Distribution of strain along the length of CFRP 
To study the distribution of strain along the length of CFRP, the strains at different 
distances away from the joint in the top layer are plotted in Figure 11. It is clear from 
the figure that the strains generally decrease with the distance away from the joint. 
The strain was found almost constant in the region of failure (at 20 mm from joint).  
9. Conclusions and Summary 
In this paper, the experimental results of the tensile capacity of CFRP/steel tubular 
specimens are presented. Based on the test results, the following conclusions and 
recommendations are drawn: 
 High modulus CFRP is superior to normal modulus CFRP in retrofitting of 
steel tubes. 
 An effective bond length for the steel tube bonded with high modulus CFRP 
system was found to be around 50 mm, compared to 75 mm for normal 
modulus CFRP. A proposed empirical load carrying capacity formula based 
on effective bond length was found to be in good agreement with the test 
results. 
 The distribution of strain across CFRP layers was found to decrease from 
bottom to top layer. 
 An empirical strain distribution formula, in adequation with strain readings 
experimentally obtained, is proposed. 
 An empirical formula of the load carrying capacity based on strain distribution 
across layers is proposed and validated by experimental results.  
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Table 1. Properties of MBrace CF 530 and CF130 specified by the manufacturer 
 
Carbon Fibre  
High 
Modulus 
 Normal 
Modulus 
Reinforcement CF530 CF130 
Fibre density (g/cm3) 2.1 1.7 
Fibre Modulus (GPa) 640 240 
Fibre weight (CF) (g/ m2) 400 300 
Thickness (mm) 0.19 0.176 
Tensile strength (Mpa) 2650 3800 
Tensile Elongation, Ultimate 0.4% 1.55% 
Roll Length (m) 50 150 
Sheet width (mm) 300 300 
 
 
Table 2 : Test results 
 
 
 
 
Table 3: Comparison of normal and high modulus CFRP strengthening. 
 
 
 
 
 
 
 
 
 
Specimen D t l1 l2 Pu Failure
Label mm mm mm mm KN Mpa Mode
M1 38.24 1.84 85 150 84.9 8.3 Fiber break
M2 38.22 1.83 75 150 42.2 4.7 premature
M3 38.30 1.79 65 150 74.1 9.5 Fiber break
M4 38.10 1.60 62 112 77.5 10.4 Fiber break
M5 38.27 1.74 50 100 67.3 11.2 Fiber break
M6 38.10 1.60 40 80 54.8 11.5 Fiber break 

Modulus Specimen D t l1 l2 Pu Failure
of Elasticity Label mm mm mm mm KN Mode
Normal A2 31.84 1.60 31.5 48.5 90.1 Bond failure
High M6 38.10 1.60 40.0 80.0 54.8 Fiber break
Normal A5 38.27 1.60 50.0 100.0 119.4 Bond failure
High M5 38.27 1.74 50.0 100.0 67.3 Fiber break
Normal A6 38.25 1.59 62.0 112.0 104.4 Bond failure
High M4 38.10 1.60 62.0 112.0 77.5 Fiber break
Normal A7 38.18 1.60 65.0 150.0 103.1 Bond failure
High M3 38.30 1.79 65.0 150.0 74.1 Fiber break
Normal A8 38.22 1.60 75.0 150.0 121.4 Bond failure
High M2 38.22 1.83 75.0 150.0 42.2 Premature failure
Normal A9 38.15 1.60 85.0 150.0 123.5 Bond failure
High M1 38.24 1.84 85.0 150.0 84.9 Fiber break
Table 4. Calculation of areas and loads. 
 
i Specimen  M1 Specimen  M3 Specimen  M4 Specimen  M5 
layer A P A P A P A P 
no  (mm2) kN  (mm2) kN 
 
(mm2) kN 
 
(mm2) kN 
1 22.93 23.07 22.96 23.10 22.84 22.98 22.95 23.08 
2 23.15 16.47 23.19 16.50 23.07 16.41 23.17 16.48 
3 23.38 13.58 23.42 13.60 23.30 13.53 23.40 13.59 
4 23.61 11.88 23.64 11.89 23.52 11.83 23.63 11.88 
5 23.83 10.72 23.87 10.74 23.75 10.69 23.85 10.73 
 total  75.7  75.8  75.4  75.8 
 
 
 
 
Table 5. Detailed calculation of ultimate load by using average area of each layer for 
all specimen. 
 
layer ε σ A P  
no. strain  MPa  Mm2 kN 
       
1 0.002114 1006.06 22.92 23.06 
2 0.001495 711.39 23.15 16.47 
3 0.001221 580.85 23.37 13.58 
4 0.001057 503.03 23.60 11.87 
5 0.000945 449.92 23.83 10.72 
   total 75.7 
 
 
 
 
 
 
Table 6. Comparison of measured and predicted ultimate loads 
 
Specimen Pu Pp Pp/Pu 
  kN kN   
M1 84.9 75.7 0.892 
M3 74.1 75.8 1.023 
M4 77.5 75.4 0.973 
M5 67.3 75.8 1.126 
  mean 1.004 
  COV 0.098 
 
 
 
 
 
Figure 1 Comparison between MBrace CF 130= Normal modulus and CF 530= High 
modulus 
 
 
 
 
 
 
 
 
 
 
Figure2. Details A (Location of strain gages) 
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Figure 3. Test set up for steel tube wrapped with CFRP under tensile loading 
 
 
 
Figure 4: Failure mode of the test specimen 
  
Figure 5:Effective bond length for steel tube strengthened by normal modulus CFRP 
[10] 
 
Figure 6: Effective bond length for steel tube strengthened by high modulus CFRP.  
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Figure 7. Strain vs. load response for a typical specimen 
 
 
 
 
 
 
Figure 8a. Slip between the top layer of CFRP and steel tube. 
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Figure 8b. Relationship of slip between CFRP and steel tube for a typical specimen. 
 
 
 
Figure 9.  Distribution of strain across CFRP layers at different load level. 
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Figure 10. Non-dimensional strain versus CFRP layer numbers. 
 
Figure 11: Distribution of strain along the bond length. 
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